Defining seawater tolerance as a plant's ability to survive under saline culture (seawater: average 500 mM NaCl), we attempted to identify gene sources as donors for this trait. Seawater-tolerance was observed in 42 plant species and spread over many families. In the family Gramineae, the presence of seawater tolerance was not random: a large cluster of seawater tolerance was found in the sub-family Eragrostoideae. In contrast, most grass crops, belonging to different sub-families, were susceptible in seawater culture. Evaluation of 369 native rice varieties and 105 wild rice collections showed that the critical lethality level of salinity in Oryza sativa L. was at around 50 mM (10% dilution of seawater). Two genes, PvUGE1 and PvMET1, were identified in one of the most tolerant Gramineae, seashore paspalum (Paspalum vaginatum). The PvUGE1 gene encodes putative UDP-galactose epimerase and the PvMET1 gene encodes metallothioneine. These had not yet been examined in the category of plants with salt tolerance. Although rice was very sensitive to salinity, both genes enhanced the salt tolerance of rice at the critical salinity level. PvUGE1 was significantly more effective than PvMET1, that is, PvUGE1 is one of the major genes associated with seawater tolerance, while PvMET1 is one of the supporter genes.
Introduction
A report of the Intergovernmental Panel on Climate Change (IPCC 1996) warns that sea levels may rise by as much as 80 cm by 2100 unless the increase in carbon dioxide emission is interrapted. Not only the desertification of land but also the disappearance of deltas in Asia will be serious if the warning becomes reality. Although rice has been growing in lowland deltas near the sea, its salt tolerance is extremely low. Recently in many reports, gene sources for potential enhancement of salt tolerance in plants have been identified: glycine betaine as an osmoprotectant (Sakamoto et al. 1998 , Mohanty et al. 2002 , Holmstorm et al. 2000 , MtlD (mannitol-1-phosphate dehydrogenase) in wheat (Abebe et al. 2003) ; transcription factor: DREB1 (Kasuga et al. 1999 , Dubouzet et al. 2003 , HVA1 (late embryogenesis abundant protein gene) in rice (Xu et al. 1996) ; vacuolar Na+/H+ antiporter (Rubio et al. 1995 , Apse et al. 1999 , Zhang et al. 2001 , Ohta et al. 2002 , mitogen-activated protein kinase (Kovtun et al. 2000) , hydroxyl radical scavenging catalases (Smirnoff and Cumbes 1989, Asada 1999 ) and plasma membrane Na+/H+ exchanger regulated in the SOS signaling system (Liu and Zhu 1998 , Qiu et al. 2002 , Shi et al. 2003 , Ward et al. 2003 . However, few studies have focused on the long-term survival or growth: in many cases, salt tolerance was evaluated on the basis of recovery after strong salinity stress regardless of the critical lethality of the plants. In contrast, Zhang et al. (2001) evaluated AtHKT1, vacuolar antiporter, in the salt tolerance of Brassica until flowering. In tomatoes, the transgenic effect of AtHKT1 was examined from the viewpoint of potential fruiting in a longterm culture (Zhang and Blumwald 2001) . Besides, there are 6,000 tolerant plants known as halophytes (Le Houerou 1994 , Rozema 1996 , and the concept of saline culture has been developed (Epstein et al. 1980 , Yagura et al. 1996 , Glenn et al. 1998 . These halophytes could become good gene sources if the genes were well studied and could be utilized easily. The tolerance genes of the halophytes, however, have not been fully investigated due to the lesser value of these mostly wild plants. In addition, since the degree of salt tolerance ranges from 3,000 ppm to 30,000 ppm NaCl or more (Maas 1986) , the role of the tolerance genes remains controversial. Seawater tolerance, therefore, was defined as the capability of whole plant survival under the salinity level of seawater (Akiyoshi et al. 1998) . We will present the results obtained by blind screening of seawater-tolerant plants (gene donors) and susceptible rice (host plant) and the subsequent identification of putative genes that were involved in the salt tolerance.
Materials and Methods

Analysis of salinity stress
In order to evaluate seawater tolerance, samples of seawater were taken from Tokyo Bay, Japan and used for the tests of salinity stress. The concentration of NaCl was determined by atomic spectrophotometry (Z-5000, Hitachi Ltd., Tokyo, Japan). At the same time, diluted seawater samples (0%, 10%, 20%, 30% and 50% dilutions) were measured using an atomic spectrophotometer and a salinity meter (ES-421, Atago, Tokyo, Japan). Based on the regression line between the two measurements (Y (mM) = 158.22X(%), r 2 = 0.999, where Y stands for the NaCl concentration determined with the atomic spectrophotometer, and X is the measurement using the salinity meter), NaCl concentration was measured with the salinity meter because of the simplicity and convenience of using this apparatus. The seasonal changes in the composition of seawater were also measured with the salinity meter. The dilution rate was adjusted to appropriate NaCl concentrations by monitoring salinity periodically.
Determining the critical salinity level for the survival of rice (host) and screening for seawater tolerance of plants as gene donors Traditional rice groups reported by Ogawa et al. (1998) were used for the evaluation of salt tolerance to determine the critical lethality level as a basis of host characterization via gene transfer from seawater-tolerant plants. Three hundred sixty nine (369) randomly selected varieties were used for the evaluation of salt tolerance, including different rice ecotypes based on the isozyme pattern: isozyme type I (Indica), type II (Aus) and type VI (Japonica), according to the classification unit developed by Glaszmann (1987) . In addition, 105 wild rice collections were tested. For the test of salt tolerance, 150 mM NaCl (equivalent to 9,000 ppm) for short-term tolerance (two weeks) and 50 mM NaCl (equivalent to 3,000 ppm) for long-term tolerance (from transplanting to harvest) were prepared by diluting seawater. The daily changes in salinity were monitored with the salinity meter. Tap water was added everyday to correct the water loss due to evapo-transpiration. Prior to the evaluation of salt tolerance, 30 seeds per variety were germinated in a petri-dish and grown in a pot (Jiffy pot strips 515, Jiffy Products International AS, Stange, Norway) containing commercial nursery soil (Mimaki, Otsuka Sangyo, Nagano, Japan). At the 2-3 leaf stage, the seedlings were placed in the saline solution.
In order to identify seawater-tolerant plants, more than 350 wild plants were collected mainly from the seashore niche in Japan between 1992 and 2001. These wild plants were cultured in pots in a nursery for at least one month and seawater was irrigated every day under drain-off conditions. Seawater was taken from Tokyo Bay, Japan (400 to 450 mM NaCl). In a replicated experiment, the plants that survived for more than three months were recorded as seawater-tolerant plants. The plants that withstood a three-month treatment were further evaluated in saline culture for another sixmonth period or longer to confirm their tolerance. The same test was conducted for terrestrial wild plants and crops: barley (27 accessions), wheat (12 accessions including D genome), Zoysia (31 accessions) and Cynodon grasses (16 accessions), seashore paspalum (Paspalum vaginatum) (4 accessions), commercial varieties of maize (4 varieties), spinach (3 varieties), eggplant (3 varieties), tomato (2 varieties) and brassica greens (2 varieties). Two-step screening for candidate genes involved in the tolerance of seawater-tolerant plants
One of the most tolerant plants to seawater, Paspalum vaginatum, line No. SP9, was irrigated with seawater under drain-off conditions. Total RNA was extracted from the topleaf samples before and after seawater (410 mM NaCl) culture for 10 days, and two sets of complementary DNA (cDNA) libraries were constructed using a cDNA synthesis kit (Pharmacia, Uppsala, Sweden). Each blot on the nitrocellulose membrane was cross-hybridized with the residual cDNA mixture. Positive controls were prepared as combinations of stress-stress and initial-initial hybridizations. Hybridization was detected with an ECL direct detection kit (Amersham, Buckinghamshire, UK). The differentially present cDNA clones were selected and amplified by the polymerase chain reaction (PCR), followed by ligation with the pT-7 vector (Novagen, WI, USA). PCR amplification (GeneAmp PCR system 9700, Applied Biosystems, CA, USA) was conducted under the following conditions: 2 min at 98°C, followed by 30 cycles of 30 sec at 98°C, 2 sec at 50°C or 55°C, 30 sec at 74°C, and a final extension of 5 min at 74°C, using KOD-dash polymerase (TOYOBO, Osaka, Japan) . In order to screen-out cDNA clones that were also present in the rice variety Pokkali, a comparative Northern analysis was undertaken with primarily selected cDNA clones as a probe. Total RNA was isolated from the shoot tips, leaf sheaths, leaf blades, nodes, internodes and roots of P. vaginatum as well as the shoots of Pokkali according to the CTAB/NaCl method (Chang et al. 1993) . The salinity level applied for Pokkali was 50 mM NaCl for one month, while 380 mM NaCl was used for P. vaginatum, based on the differences in the range of critical lethality. Total RNA of P. vaginatum was extracted after one week of saline culture (0, 250, 380, 400 and 500 mM NaCl). Upon Northern analysis, a 20 µg aliquot of total RNA was loaded on 1.2% (w/v) agarose-gel containing 1.8% (v/v) formaldehyde. Blotting was performed on a nylon membrane (Hybond N, Amersham Biosciences, NJ, USA) and the blot was hybridized with the 32 P-labelled cDNA clones.
Vector construction and generation of transformed T 0 , T 1 , F 1 and BC 1 F 1 lines derived from self-pollination or crossing with the salt-sensitive rice variety, Koshihikari
The cDNA clones selected after secondary screening were used for gene transformation. When the isolated cDNA clones had a partial sequence, we isolated longer cDNA clones containing the Open Reading Frame (ORF) from the cDNA library. After sequence analysis, the ORF region was inserted into a pBI121 (Ohta et al. 1990 ) vector driven by either 35S-or Actin-promoter and terminated with NOS-T end. The vector was introduced into rice, Nipponbare, via Agrobacterium-mediated transformation. Hygromycinresistance was used as a selection marker. Regenerated plantlets (T 0 generation) were transferred to a closed glass house and grown until flowering in pots containing soil. Selfgeneration (T 1 ) and breeding lines: crossed F 1 , backcrossed BC 1 F 1 to Koshihikari were generated. Transgenes were detected by PCR amplification. DNA extraction was performed by grinding leaf tissues in TE buffer [pH 8.0] and used for PCR analysis (GeneAmp PCR system 9700, Applied Biosystems, CA, USA) under the following conditions: 2 min at 98°C, followed by 30 cycles of 30 sec at 98°C, 2 sec at 50°C or 55°C, 30 sec at 74°C, and a final extension of 5 min at 74°C, using KOD-dash polymerase (TOYOBO, Osaka, Japan). The gene expression of randomly selected plants was measured by reverse transcription-PCR (RT-PCR). Total RNA was extracted from 100 mg of leaf tissue using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Reversetranscription reaction was performed using an Omniscript Reverse Transcriptase Kit (Qiagen), followed by PCR under the same conditions as those used for PCR analysis.
Evaluation of salt tolerance in transgenic rice
Salt tolerance was evaluated in diluted seawater (about 10% seawater : 50 mM NaCl). Test plants were germinated in tap water and grown until the 2-3 leaf stage in a nursery soil. At this stage, individual plants were transplanted to a small compartment pot (Jiffy pots strips 515) and dipped in diluted seawater after one week of nursery culture. All the tests were conducted in a glass house. The light intensity in the glass house was reduced to almost 70% of full sunshine: 10,000 lux (cloudy or rainy days) to 120,000 lux (fine days) in summer and 8,000 to 20,000 lux in winter, partially supplemented with halogen light (5,000 to 10,000 lux). The temperature was kept at above 22°C for sufficient pollen viability.
Results
Determination of critical lethality level of salinity for Oryza sativa L.
In order to determine the degree of salt tolerance in rice, the test varieties were cultured in 150 mM NaCl for two weeks. The degree of salt tolerance showed a continuous distribution, suggesting the quantitative nature of the genes involved (Fig. 1) . The relationship between the degree of salt tolerance and rice ecotypes was not clear: the presence of salt tolerance did not follow a skewed distribution to different ecotypes such as Indica (isozyme types I), Aus (isozyme type II) or Japonica (isozyme type VI). None of the cultivated varieties nor wild rice survived at this concentration, when the test period was extended to four weeks. These results suggested that the critical lethality level of salinity in rice was less than 150 mM NaCl-stress. When a 50 mM NaCl-stress was applied to the varieties that showed scores above 1.5, several varieties such as Pokkali, which was often reported to be a salt-tolerant variety (Flowers and Yeo 1981) , were able to withstand salt stress, while the susceptible Nipponbare and Koshihikari varieties died due to drying (Fig. 2) . On the average, in the replicated tests, the survival rate of tolerant Pokkali was higher than 80% and the variety was able to set seeds under short-day conditions (Pokkali is highly photosensitive). When Pokkali was crossed with one of the susceptible cultivars Nekken No. 2, the F 2 population segregated into 54 (survived):49 (died) with χ 2 = 0.61 at the expected 9:7 ratio. These results indicate that the critical lethality level of Oryza sativa L., which stands at around 50 mM NaCl, corresponds to a dilution of seawater of almost 10%, and that the salt tolerance is controlled by two independent genes.
Taxonomical survey of plants with seawater tolerance as donors for gene transfer
Among more than 350 wild plants collected mainly from the seashore niche in Japan and surveyed in other countries, less than 10% survived the stress under seawater culture. None of the cultivated crops survived the seawater Fig. 1 . Salt tolerance of native rice varieties evaluated with 150 mM NaCl for two weeks. Arrow in figure indicates the plants that survived at 50 mM NaCl from transplanting to harvest. The score of tolerance was based on the nursery scoring system of the International Rice Research Institute (IRRI): score 1 = highly tolerant (HT), score 3 = tolerant (T) with slight growth retardation and necrosis at the tip of leaves, score 5 = moderately tolerant (MT), growth retardation with necrosis in young leaves, old leaves dried and rolled leaves present, score 7 = susceptible (S), almost all leaves show necrosis or death due to drying.
stress, though tomato, eggplant and barley were moderately tolerant. The majority of the perennial plants that survived for three months tended to survive for more than six months or often one year when the temperature retained higher than 18°C in the screening house. As a result, it was found that seawater-tolerant plants spread over many families and amounted to 42 species (Table 1) . The presence of seawater tolerance was not random across the taxonomy: the Caryophyllales order was the largest and included many reported halophytes, while in the monocots, Gramineae (in Graminales) belonged to one of the families with the largest number, and seawater-tolerant species were frequently observed in the sub-family Eragrostoideae (Fig. 3) Screening of cDNA clones for seawater tolerance in Gramineae In order to isolate genes functioning under seawater culture, one of the most tolerant plants, Paspalum vaginatum was selected as a gene donor from the Gramineae family. P. vaginatum was able to grow for more than five years under seawater culture. For the primary screening, therefore, a long and static condition was adopted (ten days of salt stress). Based on the differences in the expression of mRNAs before and after the salt stress, six cDNA clones were selected. Four of them were unknown based on DNA sequence analysis, one cDNA clone was homologous to the ABAinducible protein of rice (No. BE040776) and another one was homologous to the metallothioneine-like gene (No. AF017366 and AY491534).
To further select cDNAs that were absent in rice, six cDNAs were examined in the comparative Northern analysis (secondary screening). Two different salinity levels were used in the range of critical lethality: 380 mM NaCl for P. vaginatum and 50 mM NaCl for the rice variety Pokkali, respectively, after one week of treatment. As a result, the cDNA clone, which was homologous to the ABA-inducible protein, was screened out because of the similar expression pattern between P. vaginatum and rice (Fig. 4, PvABA) . Three of four unknown cDNA clones were also screened out for the same reason. In contrast, one of the unknown cDNA clones showed a different expression pattern: very weak but only present in the shoot of P. vaginatum that was cultured in seawater. The metallothioneine-like cDNA was also selected due to its absence in rice. Prior to vector formulation, the longer cDNA clones were isolated from the cDNA library. The DNA sequence of the longer cDNA clones suggested that the unknown cDNA clone was homologous to UDP-galactose (glucose)-4-epimerase.
Properties of PvMet1, the gene expressed in P. vaginatum One of the cDNA clones obtained from the primary screening, hereafter temporarily designated as PvMet1, showed a high homology (83.8%) to metallothioneine (No. AF017366 and No. AY491534). The metallothioneine family includes many types (Yu et al. 1998) , and PvMet1 displayed a type-1 sequence. When PvMet1 was probed in the Northern analysis, it was highly expressed either in the roots, nodes, or leaves of P. vaginatum (Fig. 5) . Salinity response was less conspicuous in roots. However, the expression in the shoots slightly increased in response to salinity until external salinity reached a level of 500 mM NaCl (Fig. 6) . The signal detected with the PvMet1 probe was not observed in rice (Fig. 4) .
Effect of PvMet1 on the salt tolerance of rice
The effect of PvMet1 was examined in the transformed rice variety, Nipponbare by overexpression by the Actpromoter. In the transformed T 0 generation, the PvMet1 gene was detected in 90% of more than 100 plants. The expression of PvMet1 was confirmed in a random sample of T 1 lines using RT-PCR, where more than 85% of 50 samples expressed PvMet1, suggesting that the gene was well transcribed in rice (Fig. 7) . Because of the difficulty in detecting the gene-effect of PvMet1 in the T 1 lines of Nipponbare, the survival rate varied depending on the lines (data not shown).
Since it was confirmed that T 0 individuals harbored the gene, they were used for crosses with more susceptible Koshihikari, and backcrossed population, BC 1 F 1 , was developed. Prior to the initiation of the salinity stress, individual plants were divided into two groups: PvMet1-positive (PvMet1 (+)) and negative (PvMet1 (−)) by genomic PCR. In 10 lines examined, the segregation ratio fitted to 1:1 (χ 2 = 1.5), indicating that a single copy had been introduced. The PvMet1 (−) group consisted of 82 individuals and the survival rate gradually decreased with time, namely 34% after two weeks to only 1.5% after eight weeks, whereas the survival rate of the PvMet1 (+) group was 44% after two weeks and 11% after eight weeks (Fig. 8) . Koshihikari, a control variety, completely dried up after four weeks. In another control variety, Nipponbare, the survival rate remained at 33.3% after eight weeks. Although the survival rate of the PvMet1 (+) group was lower than that of Nipponbare, the survival rate of 11% in the PvMet1 (+) group was significant in contrast to that of the PvMet1 (−) group (χ 2 = 49.3). Furthermore, six of the surviving nine plants flowered and set grains (Table 2) . Under these conditions, only one plant set seeds in the PvMet1 (−) group, while Nipponbare that survived did not set seeds.
Properties of PvUGE1: one of the unknown cDNA clones One of the unknown cDNA clones showed a partial sequence and a longer cDNA including the ORF site was isolated from the cDNA library. This second cDNA clone, hereafter designated as PvUGE1 putatively, showed a sequence homology of 70.9% to the UDP-galactose (glucose)-4-epimerase of guar (No. AJ005082: Joersbo et al. 1999 ) and 71.1% to that of Arabidopsis (No. Z54214: Dormann and Benning 1998). In the Northern analysis of P. vaginatum, two weak signals were recognized and the signal at around 1,800 base pair (bp) was specific to leaves, though the signal present at around 1,500 bp was specific to nodes and roots (Fig. 5) . Although the reason for the two-band presence was not elucidated, a length of about 1,500 bp was expected from the sequence. The comparative Northern analysis showed that a weak signal was present in P. vaginatum but not in rice (Fig. 4) , with a slight responsiveness to salt (Fig. 6) . UDPgalactose (glucose)-4-epimerase catalyzes the interconversion of the sugar nucleotide UDP-glucose and UDPgalactose via UDP-4-keto-hexose as intermediate (Dormann and Benning 1996 , Reiter and Vanzin 2001 , Seifert et al. 2004 and it is well known that the growth of Avena is inhibited by the presence of galactose (Ordin and Bonner 1987 , Ray 1962 , Inouhe et al. 1986 ). Therefore, in order to estimate the metabolism of PvUGE1, transgenic plantlets with or without PvUGE1 were grown on the medium containing galactose (Fig. 9) . Both the number of adventitious roots and total root length showed a significant difference between the PvUGE1-positive (PvUGE1 (+)) and PvUGE1-negative (PvUGE1 (−)) groups, indicating that PvUGE1 enabled rooting due to the absence of inhibition of exogenous galactose.
Enhancement of salt tolerance by transformation of PvUGE1 in rice
Preliminary analysis of PvUGE1 was performed to evaluate its effect on the salt tolerance in the T 0 generation. Since two groups of T 0 , PvUGE1 (+) and PvUGE1 (−), showed a shifting median tolerance score from weak to tolerant (χ 2 = 8.6), randomly selected individuals from the two groups were crossed with Koshihikari, where the expression of PvUGE1 was detected by RT-PCR. In the F 1 , PvUGE1-positive individuals, based on genomic PCR comprised the PvUGE1 (+) group, while, PvUGE1 (−) was composed of F 1 plants derived from the null gene in the T 0 generation (Fig. 7) . In the PvUGE1 (+) group, the expression of PvUGE1 was detected for randomly selected samples (Fig. 7) . The difference between the two groups became distinct at two weeks after the initiation of salinity stress. The PvUGE1 (−) group showed a delayed leaf color and eventually died (Fig. 10) . The survival rate of the PvUGE1 (+) group was 94%, 82% and 55% at two, four and eight weeks, respectively, whereas most of the plants dried up (1.8% at 8 weeks) in the PvUGE1 (−) group. Furthermore, surviving individuals in the PvUGE1 (+) group flowered and set seeds at the rate of 54.3% even in winter with weak light (Table 3) . Under the same conditions, the survival rate of Nipponbare was 33.3%, while none of Koshihikari plants survived. Although six test-plants were used, Nipponbare individuals that survived did not set seeds. The effect of PvUGE1 was reconfirmed in the T 1 generation grown in summer (Table 4) . As a result of ten-week salinity stress with 50 mM NaCl, 33.5% of the plants survived in the PvUGE1 (+) group, whereas only 9.8% were alive in the PvUGE1 (−) group. Of the 423 plants that survived in the PvUGE1 (+) group, 351 plants (83%) harbored PvUGE1. Under these conditions, the null-F 1 derived from 10 . Effect of PvUGE1 on the salt tolerance of rice F 1 derived from the T 0 /Koshihikari cross. A: seedlings cultured of 50 mM NaCl. B: survival rate ( : Koshihikari, : PvUGE1 (+) (n = 81), : PvUGE1 (−) (n = 112)). PvUGE1 (−) population was developed from the cross T 0 (PvUGE1-negative)/Koshihikari, while the PvUGE1 (+) population consisted of PCR-selected individuals of the F 1 derived from the T 0 (PvUGE1-positive)/Koshihikari cross. The line drown at 33% of the survival rate corresponds to Nipponbare subjected to salt stress for eight weeks.
the cross Nipponbare × Koshihikari showed a 8.9% survival. These results indicate that PvUGE1 was significantly effective even during the summer season.
Discussion
Effect of PvMet1 and PvUGE1 on the enhancement of salt tolerance in rice Evaluation of salt tolerance was difficult due to several discrepancies in plant responses. Even in the same genotype such as varieties Pokkali, Nipponbare or Koshihikari, some individual plants survived and produced seeds while some did not tolerate the salt stress. This variation which may often result in a biased evaluation, can be attributed to the quantitative nature of salt tolerance and possible complex factors involved in the variation. We evaluated the gene effect of PvUGE1 in the F 1 population (winter) in addition to the test of the T 1 generation (summer) to avoid the biases of somaclonal variation induced by tissue culture and the background effect of Nipponbare, which was moderately tolerant at the vegetative stage, with a survival rate ranging from 18% in the summer test to 33% in the winter test ( Fig. 10 and Table 4) .
Theoretically, the F 1 population is homogeneous because half of the parental genomes is shared. Therefore, the difference between the PvUGE1 (+) and PvUGE1 (−) populations can be ascribed to the effect of the introduction of PvUGE1, if somaclonal variation is considered to be uniform. Thus, the background effect of Nipponbare is expected to account for half of 33% (16.5%) survival (Fig. 10) . In contrast, we developed the BC 1 F 1 population for the PvMet1 (+) group (Fig. 8) , where the contribution of Nipponbare was reduced to only 1/4 of 33% (8.3%). The Nipponbare contribution was revised in the summer season test: the survival rate of the F 1 between Nipponbare which had not been transformed and Koshihikari was 8.9% (n = 121), while that of non-transformed Nipponbare and Koshihikari was 18% (n = 32) and 0% (n = 28), respectively (Table 4 ). The survival rate of the F 1 was close to the average of both parents, showing an additive effect but a lower association of dominance and epistasis. Therefore, it is likely that half of the Nipponbare contribution was biased upward in the F 1 population, while 1/4 was biased in the BC 1 F 1 population. It is important that the Nipponbare bias was evenly present in the transgenepositive and -negative groups.
The bias of somaclonal variation can be considered for the difference between the PvUGE1 (−) group and nontransformed Nipponbare (Table 4) , where a downward bias was suggested at the rate of 8.2%. This reduced rate was almost the same as that of the survival rate of the F 1 population. Presumably, the same bias occurred for both the PvUGE1 (+) and PvUGE1 (−) groups in the T 1 population, if somaclonal variation was equally distributed for the two groups.
Thus, it is reasonable to evaluate the transgene effect in the homogeneous F 1 or BC 1 F 1 . This is particularly true for PvMet1 because no differences between the PvMet1-positive and PvMet1-negative groups were detected in the F 1 cross with Koshihikari (data not shown). Presumably the upward bias of half of the background of Nipponbare was too large to detect the gene effect, while the 1/4 reduction of Nipponbare background enabled to detect the effect of PvMet1 on the BC 1 F 1 population (Fig. 8) . The effect of PvMet1, thus, was not as pronounced as to exceed the possible half effect of Nipponbare. In contrast, the effect of PvUGE1 exceeded the variation range of the Nipponbare background (Fig. 10) . It should be noted that almost half of the PvUGE1 (+) group was capable of retaining grain, though the number of grains was very small (Table 3) . Under the same conditions, neither Nipponbare nor Koshihikari set seeds. Although Nipponbare was more tolerant to salinity than Koshihikari, no seed-setting occurred even in the summer test of 32 plants. The presence of one-grain gain in a panicle may correspond to several kilograms per hectare under salinity stress. The effect of PvUGE1, however, was still not satisfactory. The practical efficiency of PvUGE1 was the same as or lower than the stability of the salt-tolerant variety Pokkali that could survive at a rate of more than 80% at a 10% dilution of seawater and could set seeds under shortday conditions.
Possible roles of the two novel genes
Gene transfer has been used in many studies for potential enhancement of salt tolerance. However, it had not been reported that UDP-glucose 4-epimerase (UGE) was associated with this trait. In the present study, PvUGE1-transformed rice was free from the inhibition of exogenous galactose (Fig. 9 ) and the epimerase activity of PvUGE1 was confirmed in vitro (data not shown). Although it is likely that PvUGE1 is involved in the metabolism of galactose, the role of nucleotide sugars in the expression of salt tolerance has not been elucidated. The effect of PvMET1 was not as pronounced as that of PvUGE1. However, the gene was sufficiently effective from the transplanting to harvest stages (Fig. 8) . The presence of metallothioneine in plants under salinity stress has been commonly reported. It accounted for 2.7% of the transcription profile in rice (Matsumura et al. 1999) and barley (Oztur et al. 2002) , and was closely related to senescence (Buchaman-Wollaston 1994), ethylene stimulation (Coupe et al. 1995) , sugar starvation (Chevalier et al. 1995 , Hsieh et al. 1996 and oxidative stress (Nababpour et al. 2003) . In the metallothioneine family of plants, types 1 to 5 in class I were reported and the amino acid sequence of metallothioneine is different between plants and animals or bacteria (Yu et al. 1998) . PvMET1 showed a type I sequence. However, the function of the metallothioneine family in plants is not fully understood. This gene may play a crucial role under stressed conditions. However, there is no direct evidence, except for the present results, as far as salt tolerance is concerned.
Seawater tolerance and salt tolerance in Gramineae Plant tolerance to salt has often been used synonymously with tolerance to NaCl. In the present study, since diluted seawater was used instead of controlling salinity in the medium through the addition of pure NaCl, a bias on the evaluation of salt tolerance may have been created. However, the measurement of salinity was highly correlated (r 2 = 0.999) with the concentration of NaCl measured by atomic spectrophotometry. In addition, when the rice variety, Pokkali was grown in Yoshida's solution (Yoshida 1976 ) at a final concentration of 50 mM NaCl, the survival rate of this variety was almost the same as that in the diluted seawater (more than 80%), though the concentrations of other salts such as magnesium or calcium were different. Similar results were obtained when P. vaginatum was grown either in Yoshida's solution with 500 mM NaCl or artificial seawater: the survival of P. vaginatum was confirmed for more than one year (data not shown). Therefore, plant tolerance to seawater or diluted seawater can be considered to be similar to the salt tolerance associated with the addition of aliquot concentrations of NaCl. In this regard, the difference in the degree of seawater tolerance in the sub-family of Gramineae (Fig. 3) can be attributed to the differences in the number of genes associated with various salinity concentrations. The Gramineae family consists of many important crops and the degree of salt tolerance varied depending on the crops. Barley was one of the moderately tolerant crops with a critical salinity level of around 200 mM NaCl. It was shown that the salt tolerance of barley was controlled by more than three QTLs (Mano and Takeda 1997) . In contrast, the salt tolerance of Pokkali was due to two independent genes, as far as the survival at the critical level of salinity is concerned. Under the recent agreement about genome synteny (Moore et al. 1995) , the family Gramineae shares a common ancestor, and at least the seawater tolerance of Z. matrella has been shown to be associated with nuclear genomic control (Akiyoshi et al. 1998 ). These facts suggest that genes for salt tolerance are likely to split over the sub-family of Gramineae with the strongest corresponding to seawater tolerance. Presumably, the two genes, PvUGE1 and PvMET1, are closely related to seawater tolerance in the Gramineae.
PvUGE1 and PvMET1 were obtained by comparing expressed cDNAs within the range of the critical lethality level of salinity in the Gramineae: seawater level for P. vaginatum and 50 mM NaCl level for rice (Fig. 4) . This comparison focused on the genes involved in long-term survival within the range of critical salinity. Up to now, the genes effective for salt tolerance in plants had been investigated mostly from the viewpoints of physiological aspects and defense mechanisms such as osmotic protection within the cell (Mohanty et al. 2002 , Abebe et al. 2003 or compartmentation of NaCl in the cell-vacuoles (Ohta et al. 2002) , exclusion of toxic salts from cells through SOS signaling system (Ward et al. 2003) or reduction of oxidative stresses (Asada 1999) as well as downward gene regulation by transcription factors (Dubouzet et al. 2003) . On the other hand, the regulation of NaCl in the uptake or exclusion from the individual plants has not been fully elucidated (Endo et al. 1999) . Nevertheless, physiological aspects must be further studied. Successful breeding of salt-tolerant varieties is limited according to Flowers et al. (2000) . Only 25 cultivars in 12 species have been released over the years for which records were kept. This may be attributed in part to the complexity of the trait combined with a lack of real urgency (Flowers and Yeo 1995) . Natural genetic resources are not useful in conventional breeding unless wild relatives or native varieties are tolerant and considered to be potential donors. The use of foreign genes for salt tolerance still seems remote, far from the seawater level.
